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In-field, matrix-assisted laser desorption/ionization (MALDI) may provide a means to keep
part of the original promise of Fourier-transform mass spectrometry (FTMS) to give high
performance and versatile mass spectrometry from a mechanically simple instrument. Gated
trapping has been employed as a means of catching MALDI-produced ions in the FTMS trap.
This approach is important for both in-field and externally produced ions. Even with
improvements, gated trapping has not yet been able to catch ions over wide ranges of
mass-to-charge and velocity. A design of a “two-time constant with a delay” gated trapping
strategy using “idealized” potentials in a normalized system is given as an example to
establish that in principle gated trapping strategies can capture ions that range over three
decades of m/z and two decades in velocity. A procedure for calculating a physical system from
the normalized system is given. The design is tolerant of variations in the physical parameters
used to define the physical system from the normalized system. (J Am Soc Mass Spectrom
2001, 12, 296–303) © 2001 American Society for Mass Spectrometry
In-field, matrix-assisted laser desorption/ionization(MALDI), when coupled with Fourier-transformmass spectrometry (FTMS), may provide a means to
keep part of the original promise of FTMS to give high
performance and versatile mass spectrometry from a
mechanically simple instrument [1]. The possibility
arises because MALDI places a low load on the vacuum
system, thus simplifying pumping design, generates
low charge-state ions to make the best use of the
coulombic capacity of the FTMS trap, and allows re-
trievable sampling, permitting experiment designs that
exploit the versatility of FTMS with the same sample.
To realize this possibility, the FTMS experiment
must be designed to “catch” MALDI-produced ions.
Gated trapping, which is suitable for both in-field and
externally generated ions, has received much attention
as one method for catching ions. Gated trapping has
been in use for trapping ions injected by external
sources of ions since its introduction into FTMS by
McIver [2] and Kofel [3] as attributed by Knobeler [4].
The first literature description of gated trapping in
FTMS, however, appears to be by Alford [5]. MALDI
and gated trapping were subsequently combined by
Castoro [6, 7]. As introduced, gated trapping does not
catch ions of a wide range of velocities (or kinetic
energies) [8] and mass-to-charge ratios [9, 10] from a
given laser shot. A number of efforts to improve gated
trapping have been made; examples include shaping
the trap electric field [11], exploitation of cylindrical
traps for improved mass range [12], use of relays to
improve gate-switching times [13], trapping of ions
with a wide velocity range via quadratic retarding
potentials [14], and use of large retarding potentials
[15]. Even with the above improvements, gated trap-
ping has not been able to catch ions over wide ranges of
mass-to-charge and velocity from a given laser shot.
The purpose of this article is to illustrate that there is,
in principle, a gated trapping strategy that can capture
ions from a single laser shot, with mass-to-charge and
velocities that vary over wide ranges. We investigated
the design of a “two-time constant with a delay” gated
Address reprint requests to D. L. Rempel, Department of Chemistry,
Washington University, St. Louis, MO 63130. E-mail: rempel@
wuchem.wustl.edu
© 2001 American Society for Mass Spectrometry. Published by Elsevier Science Inc. Received August 3, 2000
1044-0305/01/$20.00 Revised October 31, 2000
PII S1044-0305(00)00225-7 Accepted November 1, 2000
trapping strategy using “idealized” potentials in a nor-
malized system. We normalized the equations of mo-
tion for economy in applying the results and for display
of the adaptability of the system. The two-time constant
with a delay strategy can be viewed as a modification of
Knobeler and Wanczek’s [14] switched, quadratic-re-
tarding potential. Whereas Wanczek’s retarding poten-
tial is switched instantly to a low-voltage, symmetric
trapping well after some delay, the scheme we propose
models the changing trapping plate voltages with inde-
pendent time constants. The entrance trap-plate voltage
change begins immediately while the back trapping
voltage change is delayed. Burmester and Wanczek [16]
recently announced preliminary work on a gated trap-
ping strategy that has similar features. We show that, in
theory, the modeled form with idealized potentials can
catch ions that range over three decades of m/z and two
decades in velocity. The design has tolerance to varia-
tion in parameters [17], and this tolerance will be
treated extensively in a subsequent publication. The
tolerance to variation in trap size, time scale, and
voltage, however, is easy to see and occurs because
there is a wide catching range in ion velocity and mass
and is explained later in the article when normalized
parameters are converted back to physical parameters.
The strategy serves only to capture the ions in the
trap. Removal of the remaining kinetic energy or rever-
sal of radial diffusion must be accomplished with
subsequent events in the FTMS sequence. The removal
of the remaining kinetic energy and reversal of radial
diffusion might be performed with a quadrupolar exci-
tation [18–20] or an rf-only-mode event [21].
Theory
Model Equations
The model equations represent an idealized system for
a single ion with an accounting of only the ion’s z
motion (parallel to the magnetic induction) as acted
upon by the trap electric fields in a collisionless envi-
ronment. Equation 1 is Newton’s equation [22] in state
space form:
d/dtF zvzG 5 F vz~q/m! Ez~ z, t!G (1)
While eq 1 is a relatively simple second-order ordi-
nary differential equation, its treatment is not expected
to yield a closed form expression in a direct way. This is
because the varying electric field term introduces time-
varying coefficients into the equation. A similar situa-
tion is encountered with the use of the Mathieu equa-
tion in the context of ion traps and quadrupole mass
filters. The accepted strategy for treatment is first to
normalize the equations into a unitless form. Once an
analysis is obtained in the normalized setting, it can be
applied to multiple physical settings through relatively
simple algebraic expressions [23]. Here we follow the
lead established in the work on the Mathieu equation.
The flexibility and tolerance of the system are also
most readily displayed by first normalizing the model
equations into a form that has no units. Normalized
parameters are labeled with an asterisk. Normalization
is facilitated by the change of position, time, and mass
to charge as given by z 5 z0z*, t 5 t0t*, and m/q 5
(m0/e)m*, which yields the relations given in eqs 2–4.
The parameter e is the charge of a proton:
dt*/dt 5 1/t0 (2)
vz 5 dz/dt
5 z0~dz*/dt*!~dt*/dt!
5 ~ z0/t0!~dz*/dt*!
5 ~ z0/t0!v*z (3)
dvz/dt 5 d~~ z0/t0!v*z!/dt
5 ~ z0/t0!~dv*z/dt*!~dt*/dt!
5 ~ z0/t0
2!dv*z/dt* (4)
The model equations in eq 1 become the normalized
model equation eq 5. The first row of eq 5 is true by
definition of the velocity v*z, which was also applied in
the relations shown in eq 3. The second row of eq 5 is
true owing to the relation shown in eq 4:
d/dt*Fz*v*zG
5 F v*z~1/m*!$~e/m0!~t02/z0! Ez~ z0z*, t0t*!%G
5 F v*z~1/m*! E*z*~ z*, t*!G (5)
The last equality in eq 5 occurs because the chosen
definition in eq 6 gives the relationship between the z
components of the normalized and physical electric
fields:
E*z*~ z*, t*! 5 ~e/m0!~t0
2/z0! Ez~ z0z*, t0t*! (6)
Trap Electric Field
The electric field of the idealized system is represented
here as the superposition of two components. Each
component is a function of time and position and is due
to the voltage applied to a trapping-electrode arrange-
ment at one end of the trap. This scheme works because
the superposition of solutions of Laplace’s equation [24]
for individual boundary conditions is the solution for
the superposition of the individual boundary condi-
tions in the calculation of the electric trapping potential.
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The choices made below for the components is justified
because they result in quadratic potentials, which can
be realized in practice [14].
The first component is driven from the “entrance” or
front trapping plate (located at z* 5 21), exerts no
force at the “exit” trapping plate, and is shown in eq 7:
E*z* ent~ z*, t*! 5 $c~1 2 e
2q*t*!% $2~ z*
2 1!/~22 p 0.7!% (7)
This is an accelerating force, which pushes the ions
toward the exit plate and gives rise to the potential in eq
8 because there is a chosen boundary condition f* 5 0
at z* 5 1:
f*z* ent~ z*, t*! 5 $c~1 2 e
2q*t*!% $~ z*
2 1!2/~23 p 0.7!% (8)
For the derivation of eq 8, we take E* 5 2„*f* to be
true for the normalized electric fields and potentials,
where the Del operator, „*, is based on normalized
coordinates.
The second component of the trapping field is driven
from the “exit” or back trapping plate (located at z* 5
1), exerts no force at the “entrance” trapping plate, and
is shown in eqs 9 and 10:
E*z* exi~ z*, t*! 5 $1% $2~z* 1 1!/~2
2 p 0.7!% for t* # d*
(9)
E*z* exi~ z*, t*! 5 $~1 2 c!e
2q*2 ~t*2d*! 1 c% $2~ z*
1 1!/~22 p 0.7!% for t* . d*
(10)
This is a retarding force that pushes the ions toward the
entrance plate and gives rise, owing to the chosen
boundary condition f* 5 0 at z* 5 21, to the potential
shown in eqs 11 and 12:
f*z* exi~ z*, t*! 5 $1% $~z* 1 1!
2/~23 p 0.7!% for t* # d*
(11)
f*z* exi~ z*, t*! 5 $~1 2 c!e
2q*2 ~t*2d*! 1 c% $~ z*
1 1!2/~23 p 0.7!% for t* . d*
(12)
The parameter c gives the asymptotic voltage at both
trap plates as a fraction of the maximum voltage at the
back trap plate, which is achieved at t* 5 0. The
parameter d* is the normalized delay time for the
potential switch at the back trapping plate.
Illustrations of the overall potential f*z* 5 f*z* ent(z*,
t*) 1 f*z* exi(z*, t*) can be found in Figures 2 to 4;
Figure 2 gives the best time profile.
Implementation of Theory
The ability of the normalized idealized system to cap-
ture ions of a wide range of mass-to-charge ratios and
velocities was investigated by calculating trajectories
with Mathcad 8 Pro (MathSoft, Cambridge, MA). Tra-
jectories were integrated with the “Rkadapt” Mathcad
function in accord with the overall normalized system
shown in eq 5. Each trajectory was started with the
conditions z* 5 21 and v*z 5 V*z0 at t* 5 0. This cor-
responds to the ion just entering the trap at time zero
through the entrance trapping plate. The normalized
time interval for the integration was from 0 to 20. The
number of specified steps was 200 per unit of normal-
ized time for a total of 4000 steps beyond the initial step
at time zero.
Evaluation of each trajectory was carried out through
the use of a scalar flag: Z*max. Z*max was set to the value
of 2 if uz*u $ 1 at any normalized time, t*, in the half
open interval (0, 20]; otherwise, Z*max was set to be the
maximum of the absolute value of the normalized
displacement, z*, during the normalized time interval
[10, 20]. A flag value of 2 indicates that the ion would
have struck a trapping plate, and ion capture was not
successful. The initial time step is excluded from this
evaluation because the ion is at the entrance trapping
plate as it enters the trap at the start of each integration.
There are many possible instances of the idealized
system as determined by the possible combinations of
the normalized parameters q*, d*, q*2, and c. These
parameters determine the behavior of the trap electric
field as can be determined from inspection of eqs 7 and
9. Evaluation of an instance of the idealized system was
performed by inspection of the graph of Z*max plotted as
a function of the ion’s normalized mass-to-charge ratio
and initial velocity. The ion’s normalized mass-to-
charge ratio (m*) is stepped from 1 to 1023 in 60
increments, which were chosen to be uniform on a
logarithmic scale. The ion’s normalized initial velocity
is stepped from 1 to 1022 in 40 increments that are also
uniform on a logarithmic scale. The maximum of the
surface obtained by this process indicates the successful
capture of all the ions in the tested range if the maxi-
mum is less than 1.
Results and Discussion
Ion Capture
The “best” idealized system to date, which is given by
the normalized parameters q* 5 0.565, d* 5 2.765,
q*2 5 11, and c 5 0.5, successfully captures all ions
over three decades of normalized mass-to-charge ratio
and two decades of normalized initial z velocity be-
cause the surface maximum is less than 1. As can be
seen in Figure 1, the surface achieves a maximum value
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of 0.887, which occurs at the highest normalized initial
velocity and mass-to-charge ratio tested. It is the au-
thors’ experience that this velocity-mass-to-charge
point is often the most challenging point for instances of
the idealized system. Failure to capture the full range of
ions often occurs first at this point.
The parameter d* is fixed to bring the ion with the
highest normalized initial velocity and mass-to-charge
ratio [log(m*) 5 0, log(V*z0) 5 0] to an approximate
stop at t* 5 d* as can be seen upon careful inspection of
Figure 2. For this case, the ion has the highest initial
kinetic energy. The delay permits the high-energy ions
to traverse the trap and experience the strongest portion
of the retarding component before the retarding field
begins to diminish. Up until the time t* 5 d*, the
accelerating component arises sufficiently slowly that
its effect on the ion is diminished because the ion has
already moved away from the entrance trapping plate
where the accelerating component is the strongest.
Thus, the retarding component is the principal influ-
ence on the ion, and the system, in this case, functions
very much the same as the one studied by Knobeler
[14].
The above similarity does not persist across the
range of velocities and mass-to-charge ratios tested.
One must consider the case for which log(m*) 5 0 and
log(V*z0) 5 22. For the highest tested normalized
mass-to-charge and lowest tested normalized initial-
velocity ion, the accelerating component exerts the
largest influence and literally pushes the ion into trap,
as can be seen in Figure 3.
Finally, in the case for which log(m*) 5 23 and
Figure 4. The normalized z displacement of an ion as a function
of normalized time for the case log(m*) 5 23 and log(V*z0) 5 0
superimposed on the trapping potential given as function of
normalized z displacement and time.
Figure 1. Maximum normalized z displacement, Z*max, of an ion
as a function of three decades of its normalized mass and two
decades of its normalized velocity. Conditions are front plate
attack frequency q* 5 0.565, back plate release frequency q*2 5
11.0, back plate delay d* 5 2.765, and the steady state voltage
fraction c 5 0.5.
Figure 2. The normalized z displacement of an ion as a function
of normalized time for the case log(m*) 5 0 and log(V*z0) 5 0
superimposed on the trapping potential given as function of
normalized z displacement and time.
Figure 3. The normalized z displacement of an ion as a function
of normalized time for the case log(m*) 5 0 and log(V*z0) 5 22
superimposed on the trapping potential given as function of
normalized z displacement and time.
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log(V*z0) 5 0, a high-velocity, low-mass ion is carried
into trap by the combination of retarding and acceler-
ating components as can be seen in Figure 4. The
retarding components combine to form a well with a
center that starts at the entrance trapping plate and
continues towards the trap center. The low-mass ion
oscillates near the bottom of this well, and the ion on
average moves as the well bottom does. This appears to
be another way to accomplish the objective of catching
low mass ions. Easterling [12] made some progress with
the objective of catching ions by using a well that is
shallow for some distance at the entrance of an open
cylindrical trap. This approach increases the turn-
around and escape time for low-mass ions.
The ability of the normalized system, given by the
overall eq 5, to capture ions is not determined by
choices for the physical parameters, z0, t0, m0/e, or the
magnitude of the physical trapping voltages because
these parameters do not appear in the system equation.
The ability of the normalized system to capture ions is
determined instead by the asterisked parameters and
the constant c. This is an important point to remember
when the results of the normalized system are being
translated back to the physical system.
Physical System and Parameters
Once the physical parameters, z0, t0, and m0/e, are
chosen, there is a one-to-one correspondence between
the physical and the normalized position, velocity, time,
and mass-to-charge. A recipe for setting the physical
parameters can be deduced from the previous relations
and is shown with an example that is woven through
the discussion that follows.
It should be emphasized that the ability of the
normalized system to capture an ion for a set of
normalized conditions implies the ability of the physi-
cal system to capture the ion for the set of correspond-
ing physical conditions. This follows from the fact that
the ion position in the normalized system gives the ion
position in the corresponding physical system by the
relation z 5 z0z*. Ion capture in the normalized system
is indicated by uz*u , 1, which implies uzu , z0 and
indicates the ion is captured in the corresponding
physical system because the ion remains properly be-
tween the trapping plates.
First, we consider the parameters z0, t0, and m0/e,
which fix distance, time, and mass-to-charge. The trap-
ping plates are located at z* 5 21 and z* 5 1 in the
normalized model, and these locations correspond to
the physical locations 2z0 and z0. Thus, z0 is one half of
the trap length. When, for example, the trap length is
0.0508 m, z0 is 0.0254 m. The relations in eq 3 give the
physical velocity as a function of the normalized veloc-
ity. Because the maximum normalized velocity is 1, the
maximum physical velocity must be as given by eq 13:
vz max 5 ~ z0/t0! (13)
If the maximum physical velocity is chosen, then t0 can
be deduced from eq 13. One might choose vz max to be
1000 m/s in our example so that the physical system
will capture ions with velocities from 10 to 1000 m/s.
From eq 13, we calculate t0 to be 25.4 ms. The physical
mass-to-charge ratio m/q, and the normalized mass-to-
charge ratio m*, are related by the constant m0/e, as
given in the text just before eq 2. Again, because the
maximum normalized mass-to-charge ratio for which
ion capture is assured is 1, the maximum physical
mass-to-charge ratio must be related to m0/e as ex-
pressed in eq 14:
m0/e 5 ~m/q!max (14)
One might choose m0/e 5 3.1 3 10
24 kg/C to be that
of a singly charged ion at 30,000 Da, for our example, so
that the physical system will capture ions with mass-
to-charge ratios corresponding to singly charged ions
from 30 to 30,000 Da provided their velocities fall in the
range of 10 to 1000 m/s.
Equation 6, which relates the normalized and
physical electric field z components, can be used to
derive a relation between the physical trap electric
potential and the normalized trap electric potential as
shown in eq 15:
f 5 2E Ez~ z! dz
5 2 E ~m0z0/et02! E*z~ z/z0! dz
5 2~m0z0
2/et0
2! E E*z~ z/z0!~1/z0! dz
5 2~m0z0
2/et0
2! E E*z~ z*! dz*
5 ~m0z0
2/et0
2!f*
5 ~m0/e!vz max
2 f* (15)
The first equality occurs because E 5 2„f for physical
electric fields and potentials. Equation 6 is applied to
obtain the second equality. The fourth equality occurs
because there is a change of variable from z to z*. The
fifth equality comes about because we have taken E* 5
2„*f* as before. The application of eq 13 allows us to
write the last equality in eq 15.
The previous developments are sufficient to calcu-
late the highest physical potential at a trap plate. We
reason as before. The highest normalized potential at a
trapping plate occurs at time zero at the back trapping
plate and is given in eq 16 as obtained from eq 11:
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f*z*~1, 0! 5 f*z* exi~1, 0!
5 $1% $~1 1 1!2/~23 p 0.7!%
5 1/~2 p 0.7! (16)
Then the maximum physical potential at the back trap
plate is given in eq 17 after the application of eq 15 to 16:
fmax 5 ~m0/e!vz max
2 /~2 p 0.7! (17)
In the our example, fmax takes on the value of 222 V.
The physical voltages as a function of the physical
time and the z coordinate can be computed by using eq
15 and the relations between physical and normalized
versions of time and z position. The reader will recall
that the first component of the electric potential, which
is associated with the entrance trapping plate, is given
by eq 8 for the normalized form. The corresponding
physical electric potential is shown in eq 18.
fz ent~ z, t! 5 ~m0/e!vz max
2 f*z* ent~ z/z0, t/t0!
5 ~m0/e!vz max
2 $c~1 2 e2q*t/t0!%
$~ z/z0 2 1!
2/~23 p 0.7!%
5 fmax$c~1 2 e
2t/T!% $~ z/z0 2 1!
2/~22!%
(18)
The first equality is a symbolic representation of the
following procedure. One starts with the physical z
position and time and computes the corresponding
normalized z position and time by using the relations
given in the text just before eq 2. The resulting normal-
ized z position and time are then used to compute the
normalized potential after which eq 15 is applied to
obtain the corresponding physical potential. For the last
equality, use was made of eq 17 and a physical time
constant as defined in eq 19, which determines the rise
time of the entrance trap plate voltage:
T 5 t0/q* (19)
The second component of the electric potential, which
is associated with the exit trapping plate, is given by
eqs 11 and 12 for the normalized form. The corre-
sponding physical electric potential, shown in eqs 20
and 21, were obtained in the same way that eq 18 was
obtained:
fz exi~z, t! 5 fmax$~z/z0 1 1!
2/~22!% for t # d
(20)
fz exi~ z, t! 5 fmax$~1 2 c!e
2~t2d!/T2 1 c%
$~ z/z0 1 1!
2/~22!% for t . d (21)
Use was made of a physical time constant, as defined in
eq 22, to determine the decay time of the exit trap plate
voltage:
T2 5 t0/q*2 (22)
The time inequalities in eqs 20 and 21 were obtained by
multiplying them through with t0 and by making use of
the definition given in eq 23. The physical time d
corresponds to the normalized time d* in eq 23:
d 5 t0d* (23)
In our example where t0 5 25.4 ms from eq 13, one
obtains T 5 44.96 ms for the rise time constant of the
entrance trap plate potential, d 5 70.23 ms for the delay
of the exit trap potential decay, and T2 5 2.31 ms for
the decay time constant of the exit trap plate because
q* 5 0.565, d* 5 2.765, and q*2 5 11 in the normalized
model.
Tolerance
The scheme is tolerant of changes in the physical
parameters z0, t0, and fmax. For moderate relative
changes in these physical parameters, one sees that the
relative change in the maximum physical velocity,
which determines the range of velocities for which ion
capture is certain, is given by eq 24 as deduced from eq 13:
Dvz max/vz max 5 Dz0/z0 2 Dt0/t0 (24)
The relative change in the maximum mass-to-charge
ratio, which determines the range of mass-to-charge
ratios for which ion capture is certain, is found by first
solving eq 17 for m0/e and then calculating relative
change for m0/e as shown in eq 25:
D~m0/e!/~m0/e! 5 Dfmax/fmax 2 2Dz0/z0
1 2Dt0/t0 (25)
Equations 24 and 25 indicate that moderate relative
changes in the physical parameters z0, t0, and fmax
imply moderate relative changes in both the maximum
physical velocity and the maximum mass-to-charge
ratio. The ranges of mass-to-charge and velocity for
which ions are captured are relatively large, and con-
sequently the ranges can be designed to include not
only the desired operating intervals of mass-to-charge
and velocity but also extensions to these intervals to
allow for the uncertainties and variations of the end
points of the ranges as governed by eqs 24 and 25.
Conclusions
In-field MALDI provides a possible means of achieving
a mechanically simple instrument that gives high per-
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formance and versatile mass spectrometry for high
mass molecules. But, before anything can be done with
the ions in the FTMS trap, the MALDI-generated ions
must be caught. We show a gated trapping strategy
that, in principle, can capture in the trap ions with
mass-to-charge and velocities that vary over a wide
range. We believe this example validates the pursuit of
a practical implementation of gated trapping with uni-
form coverage of the mass spectrum. The strategy is
treated in an idealized setting, which involves only the
z motion of the ion. Collisions, ion–ion interaction, and
the magnetic induction were not allocated a role in the
idealization.
The model in the idealized setting is treated in a
normalized setting. Although the equations of motion
form a second-order ordinary differential equation, the
coefficients in the equation vary considerably in time.
Owing to this variation in time, closed-form solutions
seem to be only a distant possibility. A more famous
second-order ordinary differential equation that suffers
from this difficulty is the Mathieu equation for which
treatment in the normalized setting is standard practice.
Although the treatment shown here shows the essen-
tial possibility, it does not address the next layer of
issues; these issues include the radial diffusion of the
ions and the remaining high z-mode energy. It is our
judgment that there will be a substantial amount of
radial diffusion because the trapping potential well is
deep. The radial diffusion is expected to be manageable
because the essential part of the gated trapping scheme
is relatively short in time. We also envision the events of
the gated trapping scheme to be connected to the
normal FTMS sequence at low trapping voltage by
events that include either the rf-only-mode event or a
quadrupolar excitation event. During these connecting
events, a damping gas is temporarily introduced into
the trap so that the z motion is cooled and the radial
diffusion is reversed while the trap voltage is lowered.
Finally, the gated trapping scheme presented here is
both adaptable and tolerant. The argument for both of
these points is possible because of the normalized
treatment. Although only one example is computed, the
reader can see that physical time constants and time
delay as well as the trap voltages can be easily com-
puted for other choices of trap sizes, maximum veloci-
ties, and maximum mass-to-charge ratios. The treat-
ment of the effect of variations in trap size, time scale,
and voltage scale on the velocity and mass-to-charge
range for which ion capture is assured becomes simple.
Acknowledgment
This research was supported by the National Centers for Research
Resources of the NIH (grant no. P41RR00954).
References
1. Gross, M. L.; Rempel, D. L. Fourier transform mass spectro-
metry. Science 1984, 226, 261–268.
2. McIver, R. T., Jr.; Hunter, R. L.; Bowers, W. D. Coupling a
quadrupole mass spectrometer and a Fourier transform mass
spectrometer. Int. J. Mass Spectrom. Ion Processes 1985, 64,
67–77.
3. Kofel, P.; Allemann, M.; Kellerhals, H.; Wanczek, K. P. Exter-
nal generation of ions in ICR spectrometry. Int. J. Mass
Spectrom. Ion Processes 1985, 65, 97–103.
4. Knobeler, M.; Wanczek, K. P. Theoretical investigation of
improved ion trapping in matrix-assisted laser desorption/
ionization Fourier transform ion cyclotron resonance mass
spectrometry: independence of ion initial velocity. Int. J. Mass
Spectrom. Ion Processes 1997, 163, 47–68.
5. Alford, J. M.; Williams, P. E.; Trevor, D. J.; Smalley, R. E. Metal
cluster ion cyclotron resonance. Combining supersonic metal
cluster beam technology with FT-ICR. Int. J. Mass Spectrom. Ion
Processes 1986, 72, 33–51.
6. Castro, J. A.; Koester, C.; Wilkins, C. Matrix-assisted laser
desorption/ionization of high-mass molecules by Fourier-
transform mass spectrometry. Rapid Commun. Mass Spectrom.
1992, 6, 239–241.
7. Castoro, J. A.; Wilkins, C. L. Ultrahigh resolution matrix-
assisted laser desorption/ionization of small proteins by Fou-
rier-transform mass spectrometry. Anal. Chem. 1993, 65, 2621–
2627.
8. Hofstadler, S. A.; Laude, D. A., Jr. Ion ejection from Fourier
transform mass spectrometry trapped ion cells due to non-
adiabatic changes in trapping potentials. Int. J. Mass Spectrom.
Ion Processes 1990, 101, 65–78.
9. Dey, M.; Castoro, J. A.; Wilkins, C. L. Determination of
molecular weight distributions of polymers by MALDI-FTMS.
Anal. Chem. 1995, 67, 1575–1579.
10. Pastor, S. J.; Wilkins, C. L. Analysis of hydrocarbon polymers
by matrix-assisted laser desorption/ionization-Fourier trans-
form mass spectrometry. J. Am. Soc. Mass Spectrom. 1997, 8,
225–233.
11. Yao, J.; Dey, M.; Pastor, S. J.; Wilkins, C. L. Analysis of
high-mass biomolecules using electrostatic fields and matrix-
assisted laser desorption/ionization in a Fourier transform
mass spectrometer. Anal. Chem. 1995, 67, 3638–3642.
12. Easterling, M. L.; Mize, T. H.; Jonathan Amster, I. MALDI
FTMS analysis of polymers: improved performance using an
open ended cylindrical analyzer cell. Int. J. Mass Spectrom. Ion
Processes 1997, 169/170, 387–400.
13. Easterling, M. L.; Pitsenberger, C. C.; Amster, I. J. rf capacitive
coupling with efficient gated trapping in internal matrix-
assisted laser desorption ionization Fourier transform ion
cyclotron resonance. J. Am. Soc. Mass Spectrom. 1997, 8, 195–
198.
14. Knobeler, M.; Wanczek, K. P. Theoretical investigation of
improved ion trapping in matrix-assisted laser desorption/
ionization Fourier transform ion cyclotron resonance mass
spectrometry: independence of ion initial velocity. Int. J. Mass
Spectrom. Ion Processes 1997, 163, 47–68.
15. Hendricson, C. L.; Drader, J. J.; Quinn, J. P.; Mize, T. H.;
Amster, J.; Marshall, A. G. Design and performance of an
11-Tesla MALDI FT-ICR mass spectrometer. Proceedings of the
47th ASMS Conference on Mass Spectrometry and Allied Topics;
Dallas, Texas, June 13–17, 1999.
16. Burmester, S.; Wanczek, K. P. Improved deceleration of
MALDI produced ions for the FT-ICR spectrometry. Proceed-
ings of the 48th ASMS Conference on Mass Spectrometry and Allied
Topics; Long Beach, California, June 11–15, 2000.
17. Rempel, D. L.; Gross, M. L. A radio/trap supply design that
accommodates both trap electric field compensation and rap-
idly switched gated trapping for in-field MALDI Fourier
transform mass spectrometry. Proceedings of the 48th ASMS
302 REMPEL AND GROSS J Am Soc Mass Spectrom 2001, 12, 296–303
Conference on Mass Spectrometry and Allied Topics; Long Beach,
California, June 11–15, 2000.
18. Guan, S.; Kim, H. S.; Marshall, A. G.; Wahl, M. C.; Wood, T. D.;
Xiang, X. Shrink-wrapping an ion cloud for high-performance
Fourier transform ion cyclotron resonance mass spectrometry.
Chem. Rev. 1994, 94, 2161–2182.
19. Nakagawa, H. Principle and recent topics in FTMS with
MALDI and ESI techniques. J. Mass Spectrom. Soc. Jpn. 1996, 44,
415–429.
20. Dale, V. C. M.; Speirt, J. P.; Kruppa, G. H.; Stacey, C. C.; Mann,
M.; Wilm, M. Applications of sustained off-resonance irradi-
ation (SORI) and quadrupolar excitation axialization (QEA)
for the characterization of biomolecules by Fourier-transform
mass spectrometry (FTMS). Biochem. Soc. Trans. 1996, 24,
943–947.
21. Holliman, C. L.; Rempel, D. L.; Gross, M. L. Detection of high
mass-to-charge ions by Fourier transform mass spectrometry.
Mass Spectrom. Rev. 1994, 13, 105–132.
22. Arnold, V. I. Mathematical Methods of Classical Mechanics, 2nd
ed.; Springer: New York, 1989; pp 8 and 16.
23. March, R. E.; Hughes, R. J. Quadrupole Storage Mass Spectro-
metry; Wiley: New York, 1989.
24. Jackson, J. D. Classical Electrodynamic, 2nd ed.; Wiley: New
York, 1975.
303J Am Soc Mass Spectrom 2001, 12, 296–303 A GATED TRAPPING STRATEGY IN FTMS
